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ABSTRACT 


Previous  heat  budget  studies  have  not  accounts  far  all 
physical  processes  adequately  due  to  lack  of  data.  The  av&ilafclility 
of  new  ocean  sad  weather  data  made  it  desirable  to  reexamine  the  h»st 
budget  of  an  ocean  water  column  over  a short  time  interval,  taking 
into  account  more  completely  than  before  the  effects  of  all  physical 
processes  which  can  be  computed.  Such  & study  is  reported  here,  with 
the  view  that  a first  step  toward  forecasting  such  changes  is  to 
determine  which  physical  processes  have  important  effects  on  the  heat 
energy  changes  of  an  ocean  water  column.  Such  & column , fixed  In 
space,  includes  a changeable  water  mass  extending  from  the  ocean  sur- 
face to  a level  of  no  thermal  change  with  tine. 

The  effects  of  solar  and  back  radiation,  evaporation  and 
vertical  adveetion  of  the  thermocline  probably  are  Important  in 
determining  trends  of  heat  energy  change  in  ouch  an  ocean  column - 
Barth  Atlantic  Ocean  Heather  Ship  "Cn  data  were  studied  for  the 
autumn  seasons  of  194?,  1943  and  1949. 

The  unexplained  residual  change  behaves  in  a manner  sug- 
gesting it  may  include  effects  of  horizontal  adveetion  (not  estimated 
here ) as  a large  portion.  The  residual  also  includes  all  the  error, 
effects  of  smoothing  data  and  inaccuracies  of  estimating  methods. 

A superposition  of  successive  weekly  bathythermograph 
traces  (ET's ) indicates  the  trend  of  variation  in  the  area  between 
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the  two  BT's  is  related  t©  the  explained  ttsmipt  ©f  thermal  change  is 
the  ocess.  col usa.  Fa©  superposing  prooeaa  represents  subtraction  of 
heat  change  occurring  uniformly  at  all  depths  in  the  Colusa „ Hence 
eueh  a subtraction  coaid  represent  removal  of  a contribution  to  energy 
change  free  horizontal  advecticn, 

A weather-ocean  interaction  modal  is  suggested  by  relation- 
ships between  time  variation  of  ocean  parameters  and  five  -day  mean 
sea  level  pressure  patterns  for  the  autumn  of  1948.  Data  from  1947 
and  1949  suggest  such  patterns  may  persist  for  a season,  but  may  vary 
markedly  frees  year  to  year. 

The  heat  gain  of  the  ocean  column  for  the  1948  autumn 
almost  equalled  the  teat  loss,  thus  achieving  * near  teat  energy 
balance.  Ibis  suggests  again  that  advectien  of  warmer  water  into  the 
column  has  compensated  for  the  heat  losses  due  to  decreasing  solar 
and  back  radiation  and  increasing  evaporation  as  the  season  progressed. 
For  1947  and  1949  no  such  balance  was  attained,  however. 

The  suggested  ocean-weather  relationships  should  be  studied 
with  new  data  to  establish  possible  forecasting  techniques.  Estimates 
of  the  importance  of  horizontal  advectien  in  this  problem  should  be 
made  es  sufficient  data  become  available. 
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The  hast  budget  fee*  the  earth's  hydrosphere  has  been 
studied  previously  for  Halted  intervals  of  the  tiase  scale. 
Sverdrup  (1912),  Jacobs  (1951)  and  Cochrane  (1950)  made  studies  of 
seasonal  and  annual  average  conditions.  Bretschneider  (1952)  and 
Schule  (1953)  have  considered  the  heat  budget  of  an  ooesn  vs tor 
column  over  tine  intervals  of  one  week  or  less. 

Sverdrup  gives  the  heat  balance  for  all  ocean  cur  feces 
between  70°N  end  70°S  for  average  conditions,  as  computed  by  Moahy 
(1936);  of  the  total  incoming  radiation  fresa  see  and  sky,  53$  Is 
used  far  evaporation,  41$  goes  beck  to  the  atmosphere  as  ieng-vave 
radiation  from  the  sea  surface,  and  6$  is  conducted  back  to  the 
atmosphere  as  sensible  heat,  it  is  pointed  out  that  for  specific 
regions  over  short  time  intervals  account  must  be  made  of  both  the 
heat  transported  into  or  out  of  the  region  by  currents  or  mixing 
and  the  heat  used  locally  to  change  the  temperature  of  the  water, 

Jacobs  examined  the  energy  exchange  between  ocean  and 
atmosphere  due  to  sensible  heat  and  evaporation.  Computations  war* 
made  for  the  northern  hemisphere  oceanic  regions  on  a seasonal  and 
annual  basis.  Consideration  was  not  made  of  either  the  effect  of 
Ieng-vave  radiation  from  the  s '■a  surface,  or  the  exchange  between 
ocean  heat  energy  and  kinetic  energy  of  current,  wave  or  tidal 
actions.  Large  variations  frea  the  seasonal  or  annual  average 
aeounts  are  to  be  expected  on  on  instantaneous  basis,  according 
to  Jacobs.  Investigation  of  such  brief  non-periodic  fluctuations 
la  energy  exchange  needs  to  be  emphasized  in  future  work. 
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On  a smaller  scale,  both  1a  time  and  space,  Cochrane 
studied  the  heat  budget  of  a water  column  located  in  the  Worth 
Paoifio  Ocean  (30 P H,  140°  w).  k nearly  balanced  budget  resulted 
far  the  column  over  a time  interval  of  three  to  four  sooths. 

Cochrane  found  that  horizontal  adrsction  affecting  the  water  column 
can  be  a significant  part  of  the  heat  budget  below  a depth  of  200 
feet  during  the  months  of  June  through  October. 

Using  a United  amount  of  data,  Bretschneider  cade  a 
study  of  daily  heat  balance  for  a water  column  in  the  North  Atlantic 
Ocean.  The  changes  in  structure  from  day  to  day  were  measured  in  a 
hypothetical  water  column  of  unit  cross -sect  ion,  extending  frca  the 
surface  of  the  ocean  throughout  the  depth  of  the  mixed  layer.  Such 
measurements  were  necessarily  of  a "local"  nature,  measuring  energy 
changes  of  randan  water  particles  as  they  moved  through  the  water 
column.  Consequently,  the  thermal  considerations  involved  advective 
effects. 

The  basic  procedure  which  £b*etschnsider  employed  will  be 
of  interest  in  the  present  study.  Bretschneider  regarded  total 
energy  change  within  the  mixed  layer  as  the  sum  cf  components,  each 
of  which  is  independently  contributed  by  a particular  physical  process. 
He  divided  total  energy  change  into  components  contributed  by  radia- 
tion, evaporation,  lateral  adveetion  and  other  physical  processes  as 
shown  in  Table  1. 

Plots  of  temperature  versus  depth  were  aada  for  a particular 
time  in  tbs  ocean  by  the  bathythermograph  (37).  Cfc  a single  graph, 
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Depth, 


Bretachneider 'a  Method  of 
Computing  Total  Heat  Change 


FIGURE  1 


TABLE  1 

Energy  Changes  from  BT^  to  BTg 


TOTAL 


270  Ft-Deg.  F» 


RADIATION 

EVAPCRATICN 

ADVECTION 

OTHER 


10  Ft-beg.  F 
-60  Ft-Deg.  F 
20  Ft-Deg.  F 
300  Ft-Deg.  F 


270  Ft-Deg.  F 


one  may  then  plot  BT  traces  for  the  same  location,  tat  at  two  differ- 
ent times,  and  obtain  the  area  enclosed  between  the  two  curves  (see 
Figure  l).  This  area  represents  the  total  change  la  thermal  energy  within 


* See  Appendix  for  discus sics  of  unit  "Ft-Deg.  F7 


the  water  present  above  the  thermocline  in  a vertical  column  at  a 
geographical  ioce  .'on  during  a day. 

For  the  same  time  interval,  Bretschneider  devised  methods 
for  computing  the  contributions  to  the  total  energy  change  due  to 
radiation,  evaporation  and  lateral  advection.  Cta  the  basis  of  these 
observations  and  computations  a heat  budget  balance  was  sought  for 
the  water  column  over  time  intervals  of  one  day.  However,  it 
appeared  no  balance  was  achieved  between  the  contributions  of  the 
processes  Bretschneider  studied  for  one -day  intervals  during  that 
particular  autumn.  This  does  not  preclude  consideration  for  longer 
periods  of  time  being  successful,  especially  when  accounting  fcs= 
contributions  of  physical  factors  whicn  Bretschneider  did  not  include. 

Schule  has  considered  the  change  in  heat  content  srsd  the  re- 
distribution of  heat  within  the  top  100  feet  of  a water  column,  over 
short  time  intervals.  Actual  radiation  measurements  were  used.  The 
evaporation  and  molecular  conduction  exchange  with  the  atmosphere 
were  estimated  through  use  of  a single  relationship  developed  by 
Jacobs  in  1942,  decoding  on  the  windspeed  and  on  differences  be- 
tween air  and  ocean  in  temperature  and  vapor  pressure.  The  report 
included  estimates  of  internal  waves  at  the  thermocline.  h success- 
ful trial  forecast  of  redistribution  of  heat  energy  change  within  the 
column  was  made  for  a week  in  advance,  asstaaieg  perfect  forecasts  of 
meteorological  parameters  affecting  the  thermal  structure. 

Each  of  these  contributions  is  important  in  the  basic  under- 
standing of  ocean  energy  relations,  and  has  provided  information  with- 
in its  particular  sphere  of  oceanic  region  sad  tine  interval.  Many 
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questions  remain  to  be  answered,  however,  concerning  the  behavior  of 
the  ocean  in  the  general  aspects  of  both  space  and  tins,  k dis- 
cussion of  a few  of  the  unanswered  questions  will  illustrate  the 
complexity  of  the  ocean  heat  balance  problem. 

The  water  column  under  discussion  is  not  a fixed  mass  of 
water.  The  particles  of  water  are  in  constant  motion  so  that  they 
are  piled  vertically  for  only  an  instant  within  the  chosen  fixed 
boundaries.  Then,  in  response  to  the  unique  history  of  forces 
affecting  it,  each  particle  moves  away  in  its  own  direction  to  be- 
come a part  of  the  mass  in  other  water  columns  at  later  times. 

The  heat  energy  changes  within  such  a water  column  are 
influenced  by  several  factors.  When  the  thermoclina  becomes  shallow, 
a large  portion  of  the  column  contains  cold  water;  thus  the  warm 
mixed  layer  contributes  relatively  little  to  the  heat  energy  of  the 
column.  Ao  the  tuermwiiiie  deepens,  tne  warm  water  of  the  mixed 
layer  plays  a more  prominent  role  in  the  total  heat  energy  of  the 
water  column.  In  the  first  example,  the  heat  energy  of  the  water 
column  is  lew;  in  the  second  example,  it  is  relatively  high. 

The  effects  of  solar  radiation,  tack  radiation,  evaporation, 
conduction  and  precipitation  are  imposed  through  the  top  of  the  water 
column.  Other  factors  which  affect  the  heat  energy  of  the  column  in- 
clude conduction  ar d advection  of  energy  laterally  through  the  water 
column  sides. 

In  this  moving  mass  of  water,  affected  by  so  many  outside 
influences,  it  may  be  surprising  if  one  can  attain  any  beat  energy 
balance  that  can  be  measured.  Whether  or  not  such  a balance  can  be 
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attained  depends  largely  on  how  accurately  the  effects  of  outside 
influences  can  be  Gatinated.  Tae  space  and  tine  variation  of  these 
influences,  and  the  interdependence  among  than  are  important  con- 
siderations in  this  regard.  If  the  space  or  tine  variation  of  sn 
outside  influence  is  snail,  then  estimates  obtained  frcn  data  samples 
should  approximate  average  conditions.  When  the  influences  are  re- 
lated to  one  another  it  is  possible  that  an  internal  smoothing  of 
effects  occurs  so  that  the  net  resulting  Influence  on  the  heat  budget 
of  a water  column  varies  smoothly  within  a small  range  of  values. 

Such  a smooth  variation  would  materially  aid  in  forecasting 
the  effects  of  such  outside  influences  on  the  heat  content  of  the 
water  column,  eventually  leading  to  forecasting  time  changes  in  the 
thermal  structure  of  the  column. 

It  remains  to  be  determined  whether  previous  heat  budget 
studies  of  the  wean  nave  provided  evidence  concerning  variation 
and  interdependence  of  outside  influences  which  affect  the  ocean 
beat  energy. 

The  basic  question  before  us  may  be  stated: 

Vfhat  is  the  dominant  influence  (or  influences ) 
which  affects  the  ocean  heat  energy  changes  at 
a fixed  location  over  a short  time  Interval? 

Cnee  this  is  answered,  the  problem  of  forecasting  changes 
in  the  influence,  end  hence  in  the  ocean  heat  energy,  may  be  taken 
up.  If  more  than  one  influence  appears  to  be  important,  knowledge 


of  relationship®  between  the  Influences  say  aid  the  forecasting 
aspects  of  the  problem. 

When  one  examines  the  studies  above  for  an  answer  to  the 
basic  question,  it  appears  that  much  work  remains  to  be  dons  in  this 
regard.  Sverdrup  end  Jacobs  used  the  conservation  of  energy  princi- 
ple in  computing  energy  budgets  for  the  oceans  of  the  northern  hemi- 
sphere on  an  annual  basis.  This  in  turn  gives  a check  on  seasonal 
contributions  for  total  oceanic  areas.  Such  data,  so  well  smoothed 
in  time  and  including  all  oceanic  space  within  a hemisphere,  should 
indeed  give  a balanced  heat  budget  annually,  with  the  possible  ex- 
ception of  that  portion  advected  into  the  region  from  the  southern 
hemisphere.  Small  accelerations  and  time  lags  which  could  be  impor- 
tant terms  in  short  term  energy  balance  considerations  are  smoothed 
to  became  negligif  *>  quantities  in  annual  considerations.  Hence, 
such  annual,  heat  budget  considerations  do  not  answer  the  question 
posed  by  short  term  energy  considerations. 

Cochrane  has  chosen  an  area  for  study  which  apparently 
lies  within  a horizontally  homogeneous  water  mass.  Thus  advective 
effects  on  a water  column  are  minimized,  and  the  question  remains 
unanswered  concerning  a balanced  heat  budget  within  regions  influ- 
enced by  advection. 

Schulo  has  been  concerned  with  the  redistribution  of  heat 
within  the  upper  portions  of  ti  water  column,  which  is  vital  of  course 
in  direct  forecasting  applications.  The  balance  of  a heat  budget 
for  the  water  column  was  not  directly  attacked  in  this  study. 
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Bretachneider  assumed  a balanced  budget  existed  within 

the  nixed  layer  of  a water  column  over  a daily  interval,  and  set 

about  to  evaluate  the  contributions  of  physical  processes  related 

to  the  heat  content  of  the  column.  Each  contribution  was  estimated 

* 

fraa  actual  data  and  linear  addition  provided  an  explained  sum  of 
heat  added  or  subtracted  from  the  water  column  each  day,  The  re- 
mainder was  evaluated  between  this  explained  amount  and  the  eaount 
of  change  actually  observed,  and  the  remainder  was  often  of  the 
same  order  as  the  total  heat  change  within  the  mixed  layer,  Pro- 
cesses other  than  those  Bretschneider  considered  appear  to  be 
capable  of  affecting  the  heat  content  of  a water  column,  such  as 


x — a xj — 

Vdi  biwoj.  ouvcv;jiuu« 


In  addition,  heat  changes  do  occur  below  the 


mixed  layer  depth  (which  is  usually  well  above  the  depth  of  no 
appreciable  change  with  time)  and  these  were  neglected  by  Bret- 
schneider. 


Hone  of  the  studies  mentioned  adequately  determines  the 
influence  having  the  most  effect  on  ocean  heat  energy  when  dealing 
with  short  time  intervals  and  limited  oceanic  regions.  To  find 
that  dominant  influence  (or  influences),  an  investigation  seemed 
warranted  to  consider  the  heat  balance  of  a total  column  of  ocean 


water  far  periods  of  a week  or  less.  This  investigation  should  be 
made  from  new  and  comprehensive  data  and  should  include  the  effects 
of  all  known  physical  processes  which  may  be  estimated  using  the 
best  techniques  available* 
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The  authors  consequently  have  undertaken  such  a study, 
using  sees  modifications  of  techniques  suggested  in  earlier  studies, 
as  well  as  some  techniques  which  are  newly  developed  and  not  pre- 
viously used  in  this  manner e An  extensive  body  of  recent  data  has 
been  investigated. 
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HEAT  BUDGET  STUD! 


The  test  statical  v«s  chosen  to  be  the  one  having  available 
the  largest  amount  of  simultaneous  meteorological  and  oceanographic 
data.  This  station  is  Weather  Ship  "C"  located  at  52°45'  North 
Latitude  <md  35°30*  West  Longitaide  in  t.he  North  Atlantic  Ocean. 

Data  records  are  available  for  moot  of  the  period  1947*49. 

The  study  of  the  water  column  vas  made  to  include  all 
appreciable  therms!  change  with  time?  the  study  thus  extended  to  a 
depth  of  about  200  meters.  In  contrast  to  Bretachneider's  technique, 
fluctuations  of  the  here  affect  th»  heat  budget  of  the 


total  column.  The  interval  between  obeerved  thermal  structures  was 
chosen  as  seven  days.  Five-day  moving  average  traces  were  used  to 
ocrtaln  curves  having  "conservative"  characteristics  through  elimi- 
nation of  the  apparently  randaa  fluctuations  occurring  in  very  short 


+ 4t 


a 


.1. 


s esses  relatively  few  anosulous  features  dmring  the  autumn  season 
at  middle  latitudes  compared  with  other  seasons  of  the  year,  this 
study  was  confined  to  the  autumn  season. 

It  is  realized  that  boundary  influences  (wind,  sunshine, 
atmospheric  pressure,  etc.)  which  affect  the  heat  content  of  a water 
column  are  dependent  upon  esse  another,  possibly  to  the  extent  that 
computations  would  never  account  for  such  dependence.  However,  the 
resulting  physical  processes  (i.e,,  advectico,  conduction,  radiation, 
etc.)  sake  independent  contributions  to  the  vater  column  beat  Chengs' 
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Adopting  a technique  similar  to  that  used  by  Brets chneider, 
the  effects  of  the  knovm  physical  processes  which  can  be  evaluated 
were  summed  for  each  week.  Then  a residual  unexplained  heat  change 
was  evaluated  by  finding  the  difference  between  actual  observed  heat 
change  and  the  amount  explained  by  known  physical  processes.  This 
residual  represents  the  effects  of  all  unevaluated  physical  processes 
accelerations,  the  summed  error  in  all  evaluations  and  the  effects 
which  enter  from  the  nature  of  the  computing  process.  In  particular. 


smoothing  observed  BT  curves  introduces  effects  from  boundary  influ— 
ences  which  occur  outside  the  period  ussd  in  evaluating  effects  of 
physical  processes.  While  the  latter  enters  into  the  residual  amount 


there  is  little  evidence  at  present  to  indicate  that  sizable  error 
is  being  introduced  through  this  smoothing  process.  With  the  reser- 
vation than  tne  effect  of  smoothing  deserves  additional  attention  at 
a later  time,  it  has  baen  assumed  negligible  for  the  purposes  of  this 
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offer  suggested  answers  to  the  question  posed  above. 

The  focus  of  such  data  analysis  should  be  toward  usefulness 
in  forecasting  the  thermal  structure  of  the  ocean.  Whether  or  not 
the  ocean  attains  a heat  balance  which  can  be  computed  is  informatics! 
useful  in  short  range  ocean  forecasting  problems.  Any  inferred  re- 
lationships between  the  boundary  influences  likewise  is  useful.  Any 
asv  information  regarding  the  manner  in  which  the  oeeen  functions,  or 
new  relationships  between  the  persasters  which  may  be  detected  will 
aid  In  this  objective. 
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Far  the  heat  budget  study,  a relationship  was  used  of 

ths  farss 

A-  m Ag  + Ag  + Ag  + Ag  + Ap . 

Ajj,  is  the  total  heat  change  in  the  water  column  during  the 
selected  time  interval  for  this  study,  one  week. 

Ag  is  the  heating  in  the  column  due  to  solar  radiation, 
computed  on  an  average  basis . 

Ag  is  back  radiation  from  the  top  surface  of  the  water 
column  to  the  atmosphere  and  space. 

Ag  is  the  cooling  of  the  column  due  to  evaporation  of  water 
from  the  column's  top  surface. 

Ag  is  dynamic  adjustment  of  the  thermocline  in  response  to 
changes  in  atmospheric  wind  shear  above  the  column  (a  function  of  air 
pressure  distribution V 

Ap  is  the  unexplained  residual  amount  of  heat  change.  Sample 
computations  of  each  of  these  components  gi  • wm  j 1 1 uiv  appendix. 

There  are  other  factors  which  were  not  considered  specifi- 
cally in  previous  heat  budget  estimates  which  deserve  mention.  The 
addition  of  water  to  the  surface  of  the  column  as  precipitation  changes 
the  total  mass  of  the  column,  and  the  average  precipitation  for  this 
station  is  about  40  inches  per  year  (see  Plate  IX  Haurvitz  and  Austin). 
As  a first  approximation  assume  half  of  this  amount  falls  in  the  eutusai 
season;  then  20/90  inch  (or  0.5  cm)  per  day  would  fall;  for  seven  days 
this  would  amount  to  about  4 If  this  added  precipitation  is  at 
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20°C,  than  60  gm-cal./veek  would  be  added,  distributed  over  about  200 
feet  of  water  in  the  mixed  layer.  Then  approximately  0.3  ft-deg.  F 
would  be  added  per  week  under  these  maximum  conditions.  Compared 
with  solar  radiation  amounts  of  50  to  160  ft-deg.  F and  back  radia- 
tion amounta  of  14  to  33  ft-deg.  F,  the  amount  of  heat  energy  trans- 
ferred by  precipitation  is  negligible. 

Conduction  of  heat  from  the  ocean  surface  to  the  atmosphere 
was  assumed  to  be  656  of  the  total  amount  on  a yearly  basis  by  Koeby 
(see  above).  Bowen  Ratio  estimates  for  the  ocean  ere  about  0.10  m 
the  average  (Sverdrup,  1942,  quotes  Angstrom,  1920),  indicating  that 
energy  conducted  to  the  atmosphere  represents  about  10%  of  the  energy 
used  in  the  form  of  evaporation  from  the  ocean  surface.  Such  an 
estimate  then  would  give  3 to  25  ft-deg.  F per  week.  Thus  heat  con- 
duction from  the  ocean  surface  would  also  be  a negligible  amount  in 
comparison  with  the  other  large  amounts  involved.  Energy  amounts 
due  to  precipitation  and  conduction  from  the  ocean  surface  probably 
lie  within  the  magnitude  of  error  involved  in  estimating  the  energy 
amounts  resulting  from  other  processes. 

N on-ad ve c t ive  lateral  transfer  of  energy  from  the  water 
column  into  adjacent  water  cannot  be  estimated  without  a dense  net- 
work of  data.  Lacking  these  data,  such  energy  transfer  will  be 
Included  in  the  residual,  Ap,  the  energy  change  unexplained  by  the 
various  physical  processes.  In  addition  to  these  contributions,  the 
residual  term  will  also  include  the  effects  of  horizontal  advection  of 
beat  energy,  which  cannot  be  satisfactorily  estimated  with  present  data. 
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DI3CISSICN  OF  THE  CCMPOHENTS 


Aj:  The  Total  Than&al  Chenge 

The  total  therael  >-hsngG  of  a water  column  vaxoin  a seven- 
day  period  was  measured  in  the  following  way i BT  traces  were  plotted 
on  graph  paper  for  the  end  points  of  the  time  interval.  The  area 
enclosed  between  the  two  curves , Croa  the  ocean  surface  to  the  depth 
where  the  curves  coincided  and  remained  together,  (or  to  a maximal 
depth  of  2C0  meters  in  case  coincidence  was  not  attained)  was  mea- 
sured by  plan ime ter  and  recorded  in  ft-dog.  F of  thermal  energy 
change  per  seven  days.  Note  this  procedure  varies  from  that  of 
Bretscineidsr,  vfcc  considered  only  energy  changes  above  the  theruo- 
cline.  Careful  checks  of  this  measurement  were  made,  with  strict 
limits  on  acceptable  tolerance  of  variation  in  successive  measure- 
meats  of  the  area  (see  Appendix).  This  procedure  was  carried  out 
for  five-day  moving  average  BT  curves  centered  on  the  end  days  of 
the  interval.  The  resulting  areas  (in  ft-deg.  F)  are  recorded  in 
column  8 of  Tables  4,  5 and  6. 

A3:  The  Average  Seasonal  Change  in  Solar  Radiation 

The  average  seasonal  change  in  solar  radiation  minus  an 
average  albedo  amount  of  42$  has  been  estimated  for  our  station  firm 
data  given  by  Fritz  (1951).  The  figure  of  42$  albedo  was  chosen  for 
use  with  the  reservation  that  any  one  albedo  constant  does  not  repre- 
sent the  effect  of  variable  cloudiness  on  solar  radiation  reflection 
over  short  periods  of  time. 
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FOR  AUTUMN  AT  52.5°  NORTH  LATITUDE 


frits  (1951)  suggests  an  albedo  of  35%  as  an  average  amount 
of  solar  reflection  frea  the  earth,  assuming  a norasl  cloud  cover  of 
54*  fear  all  regions.  J^e  Hlaa  fi£  Climatic  Charts  sL  £h*  Oceana 
(1933 ) shews  an  average  cloudiness  of  7/l0  coverage  of  predominantly 
middle  and  low  clouds  during  the  autumn  season  at  Station  "C"» 
Assuming  that  the  albedo  is  a function  of  cloudiness  alone  (this  la 
almost  correct,  according  to  fritz)  then 

§ x 35  ■ 45.556 

which  is  nearly  equivalent  to  the  albedo  figure  chosen  above.  The 
agreement  would  be  exact  if  the  cloudiness  were  6556  rather  than  70% 
coverage.  The  albedo  figure  which  has  long  been  used  far  the  earth 
is  4256. 

The  solar  radiation  amounts  computed  thus  have  been  checked 

«*44h  SAaeeMal  wasalw  a4'4/«n  wsl  naa  inew  Ver  ( 1 0*30  \ a«wl 

Lends berg  (1945 ) and  all  the  estimates  agree  reasonably  well  (see 
Figure  2).  Bretachneider  estimated  approximately  the  sane  average 
net  radiation.  The  graph  showing  the  variation  of  solar  radiation  in 
ft-deg.  F is  given  in  Figure  2.  Values  of  solar  radiation  for  each 
time  interval  are  shown  in  column  2 of  Tables  4,  5 and  6. 

Ag*.  The  Effective  Back  Radiation  from  the  Ocean  Surface 

The  effective  back  radiation  from  the  ocean  surface  repre- 
sents the  difference  between  the  long-wav©  radiation  going  out  from 
the  ocean  surface  and  the  long-wave  radiation  received  back  from  the 
atmosphere.  Sverdrup  (1942)  has  prepared  a graph  to  estimate  this 
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radiation  as  a function  of  relative  humidity  and  ocean  surfaoa  tem- 
peratures according  to  results  of  Angstrom  in  1920,  Average  value* 
of  ocean  surface  temperature#  and  relative  humidities  were  computed 
for  oaoh  o"  tbs  periods  involved.  These  ware  used  to  enter  Table  25 
of  Sverdrup  (which  assumes  clear  skies)  far  estimates  of  effective 
back  radiation,  Qu,  for  the  various  periods,  Sverdrup  (1942.  p-  113) 
notes  If  the  sky  is  completely  covered  by  altestratus  clouds,  the 
above  computed  values  of  radiation  (Qq)  are  reduced  to  4/10  Qq,  while 
far  a strat  -cumulua  overcast  the  figures  are  reduced  to  1/10  Cu. 

Fran  JJjg  Atlsa  of  Climatic  Charts  of  the  Oecana  (charts  70,74*78,82, 
86,90,94)  these  two  types  of  clouds  predestinate  at  the  "C"  Statin 
location  in  the  autumn  but  only  up  to  7/10  coverage  rather  than  over- 
cast. A factor  of  3/10  <3^  seemed  a reasonable  value  to  use  to  account 
for  average  cloud  conditions.*  The  results  srs  ahum  in  colon  3 or 
Tables  4*  5 and  6, 

Ag:  The  Evaporation  Tran  the  Ocean  Surface 

Jacobs  (1951)  has  developed  a method  which  estimates 
evaporation  amounts  from  synoptic  weather  observations.  The  theo- 
retical approach  used  by  Montgomery  and  ethers  in  the  study  of 

* This  dees  not  account  for  back  radiation  in  a complete  manner, 

A study  is  planned  which  will  account  for  daily  cloudiness  vari- 
ation in  estimating  back  radiation  amounts,  insofar  as  present 
information  regarding  relations  of  cloud  thickness,  height,  type, 
end  amount  to  back  radiation  will  permit. 
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diffusion  of  water  Taper  has  boon  incorporated  into  a formula  using 
readily  available  weather  datai 

S * 2.8  x ICT6  (j*(ew-  e&)w8  + 3.5  H(ew-  ea)w^jia  fft/as?^hr. 

N represents  the  fraction  of  hydrccyntaically  smooth  wind 
observations  with  winds peeds  of  6.5  m/sec.  or  leis,  (wg)j  M repre- 
sents the  fraction  of  hydrodynamically  rough  wind  observations  taken 
with  windspeed s greater  than  6.5  m/sec. , (Wq);  ew  represents  vapor 
pressure  at  the  water  surface  and  e&  represents  the  vapor  pressure  at 
the  height  of  wind  measurement.  The  bars  denote  average  quantities 
over  the  time  interval  involved.  By  the  use  of  appropriate  conver- 
sion factors*  this  transforms  into: 

<i  i X 

kg  - -0.505 8 ^ 2 (ew - e_)w8  + 3.5  2 (««-  e.JwhL  in  ft-deg.  F par 
Co  i -'time  interval, 

kg  - energy  used  far  e vapor mt inn  from  the  water  column  for 

tJn  Hina  ^ 

i + j = total  observations  for  the  interval. 

The  usual  tins  Interval  used  is  seven  days.  Values  of  kg  were  com- 
puted for  each  interval  and  are  shown  in  column  4 of  Tables  4»  5 and  6. 

Bretschnsider  used  Dalton's  evaporation  equation  with 
constants  as  evaluated  by  Munk  in  1947  (see  Brets chneider.  1952,  p.  9). 
Sis  equation  is  similar  to  the  oaaic  equation  of  Montgomery,  which 
hss  bsan  modified  by  Jacobs  to  the  form  used  in  this  study.  Use 
weekly  values  of  kg  presented  here  are  of  the  same  magnitude  or  am mllmr 
than  aretf cimelder 'a  daily  values, 

* See  computation  of  Ag,  Appendix. 
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Far  comparison  purposes,  the  Lake  Hefner  empirical 
evaporation  equation  from  Russel  (1952)  was  used  to  estimate 
evaporation  amounts,  as  shown  below. 

The  Lake  Hefner  equation  is  surprisingly  simple  in  farm: 

E = 6e25  x 10"4  Ug  (®0“  ®q) 

E s evaporation  in  cn/3  hours 
Ug  « wind f, peed  in  knots  at  eight  asters  height 
sq  * water  vapor  pressure  at  the  surface 
eg  = water  vapor  pressure  at  eight  meters  height 

_ A ini'!  n rr.  /_ 

uouvn  — v/t  r^iA  4 |^»  V°0""^8^J 

where  is  evaporation  In  ft-deg.  F/week;  u is  in  knots;  e^  and 
eg  In  Inches  of  mercury  and  E is  number  of  three-hourly  observa- 
tions per  week. 

It  is  evident  that  application  of  the  Lake  Hefner  equa- 
tion to  hue  OCOou  may  us  lu  ssriouB  ut or  wins  one  cawidnv  uui 

environmental  contrast  of  Lake  Hefner  In  Oklahoma  to  the  open 
Atlantic  Ocean. 

Table  2 shows  a comparison  of  evaporation  amounts  compu- 
ted by  the  Jacobs  and  by  the  Lake  ►fefner  formulas  i 
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TABLE  2 


Evaporation  Aaount  Estimates 


Data 


1947 


S 

Jacobs 
Ft-Beg.  F 


Lake  Hefner 
Ft-Deg„  F 


Sept.  1-7  =50 

8-14  -119 

15-21  - 72 

22-28  - 21 

29-0ct.  5 - 68 

6-12  -145 

22-28  - 93 

29-Hot.  3 -145 

6-12  -171 


- 25 

- 55 

- 42 

- 16 

- 33 

- 61 

- 41 

- 68 


TOTALS 


-415  AVG. 


1948 


Sept.  6-12 

13- 19 

20-26 
nn  a-  a.  a 
J 

4-10 

11-17 

18-24 

25—11 
Hot.  2-  7 
7-13 

14- 20 
21-27 
28-30 


- 35 

- 63 

- 29 
-103 
-260 
-163 

- 71 

_or»0 

w 

-153 

- 74 
-149 
-102 

- 57 


- 17 

- 37 

- 14 

- 68 
-112 
- 68 

- 36 

- *2 

- 70 

- 33 

- 69 

- 43 

- 27 


TOTALS 

-1472 

-686 

1949 

Sept.  1-  7 

-142 

- 61 

8-10 

- 27 

- 14 

17-23 

- 18 

- 12 

24-30 

- 63 

- 28 

Oct.  1-  7 

- 25 

- 10 

8-13 

-107 

- 45 

Hot.  9-15 

=123 

- 52 

16-18 

-no 

- 46 

23-29 

- 35 

- 19 

TOTALS 

-650 

-287 

Avr 


AVG. 


V*i 


2.00 

2.16 

1.71 

1.31 
2.06 
2.38 
2.27 
2.13 

2.31 

2.13 


2.06 

1.70 

2-07 

1.51 

2.32 

2.40 

1.97 

2.26 

2.19 

2.24 

2.16 

2.37 

2.11 


2.33 

1.93 

1.50 

2.25 
2.U 
2. 38 
2.37 
2.39 
1.84 

2.26 
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V toe  Thermocllne  Depth  in  ftcapoage  to 

— jjastagte  jfflaeBgsffi 

The  change  of  the  thermocliae  depth  in  response  to  etsos~ 
pheric  influences  (i.e.,  wind  stress)  will  also  affect  the  heat 
budget  of  a water  column.  Vertical  advection  of  deeper  water  occurs 
which  compensates  mass  changes  due  to  horizontal  advection  processes 
in  the  upper  layers. 

Several  unreported  methods  have  been  tried  to  estimate  such 
thermocllne  changes.  Eerlier  methods  attempted  to  use  changes  In 
atmospheric  pressure,  ss  veil  as  estimates  of  the  piling -up  of  upper 
water  tar  the  wind  to  estimate  thermocllne  change;  but  these  gave 
results  which  seemed  erratic  end  arbitrary.  The  following  develop, 
sent  by  Freeman  (1953)  relates  thermocllne  adjustment  to  atmospheric 
Influences. 

The  effect  of  wind  stress  produces  a net  horizontal 
transport  of  mass  within  the  mixed  layer  of  the  ocean.  Such  mess 
transport  has  regions  of  divergence  and  convergence  where  the  therno- 
eliaa  adjusts  to  acccvraodate  the  mass  fluctuation.  The  thermocllne 
depth  change  is  consequently  a function  of  the  horizontal  mass 
transport  divergence,  hence  it  is  a function  of  the  curl  of  the  wind 
stress  under  such  circumstances. 

The  following  assumptions  enter  into  the  development  of 
the  express lea  below: 

a)  no  large  change  of  surface  water  level  occurs  in 
response  to  mass  changes  within  the  mixed  layer; 
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b)  bo  significant  motion  occurs  below  the  sijed  layer  (all 
ffi&eanrftlile  nass  transport  eecurs  vithia  tbs  wivsd  isjar ); 

c)  complete  volume  compensation  occurs;  deep  layer  aovs- 
asiite  are  slow; 

d)  complete  free  sure  caspsnnaticn  occurs  by  thermoellne 
adjustment ; 

e)  the  rate  of  time  change  la  the  flow  is  slow  and  notion 
appears  to  depend  primarily  on  wind  stresses,  pressure 
farces  and  Coriolis  farces. 

These  assumptions  appear  to  be  compatible  with  observed  ocean  conditions . 
FT«eaan  shows  that  such  assumptions  lead  to  the  relation 

Tt  = P^f  j 

where  H - mixed  layer  depth 
t - time 

p 1 = density  of  salt  water 

» • n j_ij_ a. — 

a — wva  AVXAm  peu  tuao  wvu 

'Yx,rZy  - wind  stress  per  unit  area  an  ocean  surface  in  x and  y 
directions  respectively. 

The  thermal  change  associated  with  this  is  given  by 
AD  s -^Tf  *TKLD " T20Qa>vh 

where  f b x2  - horisontal  curl  of  wind  stress  par  unit  area  of 

oca s a surface 

Tjjjjj  - average  temperature  of  the  mixed  layer 
^2Coa  ~ temperature  at  200  aster  depth. 
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The  curl  of  the  wind  stress  at  the  cceaa  surface  njr  bt 
expressed  is  tersa  of  tho  space  change  la  atmospheric  horizontal 
pressure  gradient* , and  the  equation  becomes 

b * O.U152*10»  |(jg  | -(<&  ig^J^D-  T20^^ 

where  represents  the  ocean  level  atmospheric  pressure  gradient 
An 

at  points  A and  B.  st  » distance  to  tfes  Isft  and  respec- 

tively, along  the  pressure  gradient  through  the  station.  The  notation 
fcoove  la  used  to  preserve  algebraic  sign  In  components  A and  B.  The 
sssusts  for  Ap  are  shown  in  coliaan  5 or  Tables  4,  5 and  6.  Bo  esti- 
mate of  this  effect  has  been  included  In  any  previous  heat  budget 


*1181*  rc**  ^As  + *b  + H + 

?£?  OCCpSriSw  pupuDOOf  Lbo  DUS  af  v*g  t lg  t V Ajj  } 

was  coBputed  for  each  tine  inierrsl.  These  values  are  shown  in 
colizan  6 of  Tables  Lt  5 and  6; 

Ap:  The  Residual 

The  change  which  is  unexplained  above  is  shown  for  each 
weekly  period  in  column  7 of  Tables  4,  5 ssd  6, 

Upon  exsadninc  the  nagnltyde  am  volition  of  ths  weekly 
residual  anoints,  lt  was  seen  that  tbes*  Mounts  often  eorraapamUd 
well  with  the  ebr erred  total  heat  change  within  the  water  cofcssu 
& feet,  the  total  change  agreed  aor*  often  with  ths  residual  than 
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with  the  net  explained  change  (see  Table*  4,  5 sad  6).  While  tills 
Is  pertinent  to  oar  basic  questions  posed  above,  It  does  not  indicate 
successful  forecasting  of  changes  In  total  heat  content  based  on  the 
usual  sstsarological  sad  oceanographic  parameters  which  affect  the 
physical  processes, 

4s  an  attempt  to  improve  the  forecasting  possibilities,  it 
seemed  desirable  to  investigate  methods  which  might  eliminate  the 
large  residual  end  still  he  capable  of  physical  interpretation,  Cbe 
such  method  was  chosen  to  be  included  in  this  report.  If  the  shape 
of  successive  BT  traces  varied  only  a small  amount,  then  moving  cos 
curve  parallel  to  the  abscissa  into  a "best-fit*  superposition  over 

a M _1w  4Wa  — >11  A 4,  ■ ■■!  asa  Va»««ism 

««w  0«vv«sis  m/uxu  Awa«w  ww  a VI4J.V  ni|  aamM  ua**«e«%swvw  wemiwu 

the  curves  to  bs  explained.  The  addition  or  subtraction  of  a constant 
amount  of  energy  at  all  levels  (i.a.,  the  "best-fit*  process)  during 
the  tine  interval  possibly  could  result  from  that  part  of  horizontal 
edvectloc  which  occurs  uniformly  at  all  levels.*  Since  total  horizon- 
tal advection  is  an  ocean  procesn  which  eventually  is  capable  of  being 
forecasted  and  is  independent  of  other  physical  processes  affecting 
the  thermsl  structure,  such  a "best-fit”  technique  could  be  useftal. 

This  "best-fit"  method  thus  would  allow  effort  to  be  con- 
centrated m forecasting  the  changes  In  the  shape  of  therms!  structure 
of  the  BT,  by  use  of  a simple  procedure  which  is  capable  of  physical 
interpretation, 

* That  csmpossnt  of  horizontal  advection  which  is  u&squally  distributed 
with  depth  should  set  to  change  the  shape  of  the  BT. 
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A^s  "Beat-Pit"  Total  Thermal  Change 

«■■■»  IMHHMMMMM  HMM  MMMWMi  MmnMi 

This  procedure  vaa  uaed  to  evaluate  a new  total  heat  change 
(Ap  between  the  "best-fit"  positions  of  BT  traces  over  the  weekly 
intervals  studied  above,  and  these  are  listed  in  cqXuee  10  of  Tables 
4 1 5 and  6. 

A£:  Ths  Residual  from 

The  was  subtracted  from  A£  to  obtain  This  quantity 
is  thus  similar  to  the  residual  previously  computed.  Values  of  KL 
are  shown  in  column  9 of  Tables  4,  5 and  6. 
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DISCUSSION 


Free  the  data  In  Tables  4,  5,  and  6 we  may  prepare  plots  of 
the  reported  average  quantities  with  time  (Figs.  7-15). 

Such  a procedure  Implies  that  the  averages  are  continuous 

this  may  be  questioned  quite  justifiably.  With 
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relationships  existing  between  the  various  quantities  over  the  particu- 


lar time  intervals  for  which  the  averages  apply. 

Net  Amount  of  Explained  Heat  Changes 

The  fluctuations  of  the  net  amount  of  explained  heat  con- 
tent changes,  A^,  srs  seen  to  depend  heavily  oa  variations  in  the 
contributions  from  evaporation,  A^,  and  the  dynamic  term,  A^.  The 
quasi-constant  effects  of  solar  radiation.  A,,,  and  back  radiation.  A^. 

V 

are  imposed  on  these  variations. 

It  should  be  remembered  that  the  ccnetancy  of  is  to  be 
expected,  considering  tbs  average  computations  on  which  these  values 
depend  (see  Figure  3 and  the  Appendix).  Ag  may  vary  actually  mare  than 
is  suspected  now;  it  probably  contributes  more  to  the  variation  in 
heat  content  of  the  water  column  than  is  indicated  here.  Only  synoptic 


radiation  measurements  during  a study  such  as  this  will  provide  s 
better  estimate  of  actual  conditions  (Scfaule  had  available  this  type 
of  data). 
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However,  the  constant  nature  of  Ag  is  not  necessarily  anti- 
cipated  frees  its  method  of  computation  (see  Appendix).  It  depends  on 
the  nature  of  the  variables  from  which  it  is  computed,  ocean  surface 
temperature  and  relative  humidity  above  the  ocean  surface;  both  were 
computed  from  observed  synoptic  conditions  during  the  study.  From 
our  results  it  appears  that  these  variables  fluctuate  only  a email  amount, 
at  least  over  weekly  intervals  during  autumn  for  this  particular  location* 

Relation  of  Ajjgj,  to  A4, 

For  the  autumn  season  of  1948,  the  trend  of  the  "best-fit” 
total  heat  change,  A£,  curve  usually  agrees  with  the  trend  of  the  total 
explained  heat  change,  (see  Figure  11).  For  only  two  short  inter- 

vala  (23-30  September  and  27  October-5  November)  the  trends  do  not 
correspond.  However,  the  magnitude  of  A^gp  cannot  be  brought  into 
coincidence  with  the  magnitude  of  *4.  by  any  simple  adjustment  proce- 
dure applied  throughout  the  season.  Nevertheless,  considering  the 
significance  of  the  trend  agreement  could  be  useful  in  our  overall 
problem. 

The  agreement  in  trends  probably  indicates  that  consideratlom 
of  the  primary  factors  influencing  has  been  rads  in  the  estimate  of 
If  advection  effects  as  discussed  below  were  incorporated,  K;** 
and  A£  perhaps  would  reach  near -agreement  In  magnitude  as  well  as  the 
obeerved  trend  sgreemsnt.  This  would  not  apply,  necessarily,  to  1947 
end  1949  data  where  the  trend  relationships  are  obscure. 
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Tbs  lack  of  magnitude  agreement  in  such  trend  relations 
could  arise  from  eusalng  estimates  each  of  which  only  approximates 
the  contribution  from  a significant  physical  process  affecting  the 
heat  energy  change  of  a water  column.  Methods  of  computing  such 
estimates  for  this  study  would  permit  both  positive  and  negative 
deviations  from  the  "true"  contribution,  and  hence  could  vary 
from  under  to  overestimating  the  observed  "best-fit1’  heat  change. 

That  contribution  from  horizontal  advection  which  is  non- 
unifarm with  depth  has  not  been  estimated  in  the  amount.  Such 
advection  certainly  must  occur  in  the  ocean,  and  would  offer  a possible 

exclanation  for  same  of  the  observed  differences  between  AA  and  Are*. 

* — ' 

Relation  of  A , A*  and  A* 

NET  _T P 

In  Figures  8,  II  and  14  are  shown  the  distribution  of  A*. 

A£  and  A^^  with  time.  The  features  of  these  distributions  will  be 
discussed  and  tentative  explanations  will  be  offered  to  account  far 
them.  In  & later  section  the  relation  will  be  shown  between  these 
"best-fit"  parameters  and  the  total  parameters,  Aj<  and  Ap. 

The  agreement  between  variations  in  A|  and  A£  is  striking. 

Such  agreement  is  an  argument  against  having  attained  a measurable 
heat  balance  in  the  water  column  using  the  methods  of  this  study, 
although  trend  relationships  between  and  Aj^  suggest  most  of  the 
important  physical  processes  affecting  the  heat  budget  have  been  con- 
sidered in  these  estimates  for  1945.  It  appears  that  successful  methods 
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of  forecasting  will  aeoessarHj  involve  farther  examination  of  tbs 

residual  term  A*  ubioh  is  dona  in  a later  discussion. 

P 

Another  feature  of  the  graphs  is  the  tendency  of  A^  to 
change  conversely  to  A£  for  certain  tine  Internals  (see  all  of  Sapten- 
bm , 6 Ceteber-10  November,  25-30  November  1948}  20  September-11 
October  1949 )«  The  only  relation  between  this  tendency  and  other 
graph  features  apparently  la  that  the  A£  line  crosses  the  line 
near  the  tins  when  returns  to  sero.  See  19-21  September,  9-10 
October,  27-29  October  1948,  as  illustrations  of  this  tendency. 

This  invokes  eons  interesting  thoughts  regarding  a check 
end  balance  system  which  could  be  operating  in  the  ocean  under  direct 
influence  of  changing  weather  regimes.  These  are  incorporated  in  a 
model  situation  to  be  described  presently. 

Relation  Of  to  nuOapuarie  Change 

Ap  is  directly  determined  by  the  atmospheric  influence  on 
the  water  column,  and  in  its  own  way  reflects  the  v'eather  pattern 
existing  above  the  ocean  surface.  A period  when  An  is  sero  is  likely 
to  indicate  an  unsettled  tine  when  the  weather  is  changing  freon  one 
given  pattern  to  another  (for  example,  a change  from  high  to  low  index 
la  the  westerlies  belt).  It  nay  not  be  mere  coincidence  that  the  fluc- 
tuations exhibited  by  A^,  A^  and  A*  are  similar  in  nature  to  the 
five-day  zonal  index  fluctuations  of  the  atmosphere  observed  in  the 
westerlies  region.  The  potentialities  of  such  a relation  for  fore- 
casting usefulness  are  enormous,  if  such  a relation  can  be  shown. 
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tSsdwuttsdl/  the  suggestions  frees  these  data  ought  to  be  further  checked 
2n  detail  with  a view  toward  forecasting  application.  It  appeiirs  that 
a system  operating  as  described  helm  would  provide  a possible  expiana- 


Suggested  Qcean-Atmcephere  Relationships 

The  problem  before  us  is  to  suggest  reason*  for  the  observed 
behavior  of  Ajtjjj  and  A£  for  long  intervals  of  the  1948  autism  data. 

Perhaps  a logical  set  of  relationships  between  these  parameters  ms y 
be  developed  through  a discussion  of  ocean-atmosphere  inter act lens. 

decreases  markedly  rrhen  strong  ’.finds  and  air  colder 
than  the  ocean  remove  heat  from  the  ’rater  column  through  strong  evapora^ 
tion.  An  upward  shift  of  the  themocline  (negative  A^)  simultaneously 
removes  heat.  Vfcy  then  should  A^  increase  during  this  period,  as  observed? 

The  i liKs  could  iw  due  to  unusuaiiy  strong  horizontal  ad- 
vection  in  the  ocean  surface  layers.  Such  advectlon  would  be  associated 


with  prolonged  southerly  wind*  or.  the  east  side  cf  the  szssn  lew  js’sssi 
over  the  region  (associated  with  the  negative  A^),  Suds  strong  winds 
could  act  to  bring  a vrnrn  eddy  of  the  Horth  Atlantic  Drift  into  the 
region.* 


Aj  then  decreases  markedly  to  large  negative  values,  possibly 
due  to  winds  bringing  in  tongues  of  cold  Zast  Greenland  water.  These 
north  winds  would  result  ss  ths  imou  low  fulftml  bostt>an'  over  ube 
* The  station  location  is  affected  by  the  North  Atlantic  Drift. 
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region.  During  this  period  the  seen  lou  center  Has  been  near  the 
station  and  has  made  a negative  contribution  to  the  total  heat 
content. 

However,  continued  eastward  movement  of  the  swan  lew  pressure 
allows  a mean  high  pressure  ridge  to  occupy  the  studied  region.  This 
permits  A_  to  become  zero  as*  positive  with  ths  diminishing  pressure 
gradient,  and  Ag  becomes  snail  with  decreasing  winds.  Hence  AjTT?T 
becomes  a positive  amount.  tends  to  follow  the  trend  of  A^  in 
the  absence  of  abnormal  advective  influence,  which  would  then  remain 
as  a small  negative  contribution  to  the  heat  content  until  another 
region  of  mean  low  pressure  moves  into  the  region  with  its  abnormally 
strong  warm  water  advection. 

The  variation  in  processes  visualized  thus  would  depend 
upon  the  mean  weather  pattern  for  a given  season.  The  mean  weather 
patterns,  in  turn,  change  in  a manner  whit*  is  fairly  regular  for  cer- 
tain years,  and  higM.7  irregular  during  others,  this  peculiarity 
may  provide  an  explanation  for  the  variation  occurring  v'hsn  comparing 
data  for  a given  season  during  different  years,  as  is  discussed  later. 

It  is  now  in  order  to  investigate  how  well  the  actual  data 
of  Figures  C,  11  end  14  correspond  with  postulated  ocean-atmosphere 
relations.  Referring  to  mean  five-day  rressur#  charts  prepared  by 
the  Weather  Bureau  for  the  autumn  of  1948  (data  not  shown)  some  tenta- 
tive verification  was  indicated  for  processes  suggested  abo?e. 

A cycle  began  with  comparatively  stahle,  calm  conditions, 
apparently  around  9 September  1943  (Figure  11).  For  about  a week  A* 

T 
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vu  determined  by  to  » large  extent . AJ,  beared  near  sera. 

Far  this  particular  season  A,-._ appscrad  to  depend  heavily  on  Ag 
(Figure  10 ).  % in  turn  vae  a function  of  changing  atmospheric  csrdi- 
tions,  indicated  by  the  changes  in  fiv»-day  mesas  atmospheric  pressure 
maps  over  the  water  column  region  (data  from  the  Weather  Bureau  not 
shown).  Now  a mean  lew  pressure  system  began  to  move  into  the  regies 
from  the  west  on  about  15  September,  A_  changed  in  a negative  direc= 
tion  due  to  the  change  in  pressure  gradient,  responded  in  turn, 

and  Aj,  followed  along*  At  a later  date,  an  30  Se-tesnber,  it  is 
reasonable  to  postulate  that  the  strong  winds  associated  with  the  low 
pressure  area  increased  the  evaporation  to  such  an  extent  that  it 
then  became  the  observed  major  factor  in  determining  This  strong 

evaporation  persisted  and  Intensified  in  the  region,  perhaps  due  to 
the  temperature  contrast  between  cold  air  and  relatively  war*  sea 
even  though  the  wind,  which  brought  in  th*  rnlilm*  mjr>  errw  *.h« 

was  then  diminishing  and  Aq  was  decreasing.  The  evaporation  then 
decreased  toward  zero  (beginning  7 October  or  so)  as  the  cold  air  mass 
assumed  the  character  of  the  warmer  ocean  surface  beneath  it.  With 
Ap  already  decreasing  toward  zero,  the  low  moved  on  eastward  and  was 
replaced  by  a ridge  of  high  pressure  possessing  a smaller  pressure 
gradient  and  less  change  in  pressure  gradient;  Ag  then  decreased  and 
Aggf  returned  toward  z«rc.  Aq  became  a positive  contribution  in  a 
ridge  of  high  pressure,  with  relatively  low  evaporation  due  to  lighter 
winds  and  the  modified  character  of  the  air  mass.  Cfa  21  October 


-34 


the  cycle  above  apparently  began  again  with  a new  low  soring  rapidly 
over  the  region  and  persisting,  bringing  strong  winds  and  a new  cold 
air  mass  over  the  water  column. 

Checking  of  extensive  data  and  such  more  verification  of 
such  tendencies  will  be  necessary  to  determine  the  validity  of  such 
relationships,  of  course.  Nevertheless,  the  integration  of  the  oceans* 
auwspiitfio  physical  pfocosBra  in  such  a model  may  be  of  interest  to 
others. 

Comparing  the  fluctuations  of  with  the  fluctuations  of 
Ap,  the  total  observed  change  of  heat  content  within  the  column  during 
weekly  intervals,*  it  is  seen  that  the  magnitudes  hardly  ever  agree. 
This  could  be  due  to  several  causes.  It  could  mean  that  the  weekly 
intervals  which  were  used  do  not  correspond  to  the  "natural"  time 
interval  over  which  the  ocean  smooths  incoming  influences  to  achieve 

■nr  halmnml  h<**+.  hilcmt.  which  mnrit »♦..  T+.  coni'!  that  t*2 

available  techniques  far  estimating  effects  of  evaporation,  bask 
radiation,  etc.,  are  inadequate.  While  the  latter  may  contribute  to 
the  lack  of  agreement  to  sor*»  extent,  it  probably  is  not  s major  item 
in  the  discrepancy. 

Another  possible  reason  for  the  lack  of  agreement  may  be  the 
neglect  of  physical  processes  for  which  data  or  techniques  for  measur- 
ing do  not  exist.  Such  neglected  processes  may  include  the  addition 

* A few  of  the  intervals  are  for  periods  of  less  than  seven  days. 
These  are  indicated  by  * on  the  graph. 
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of  water  to  tha  column  in  the  foam  of  precipitation  and  the  conduction 
of  heat  laterally  from  the  column  by  eddy  motions,  as  discussed  earlier* 
The  horizontal  advection  process  should  be  discussed  here  as 
veil,  far  it  is  one  of  the  important  processes  of  heat  transfer  within 
fluids  and  has  not  bees  measured  in  this  study  due  to  lack  of  suitable 
data.  In  atmospheric  motions  horizontal  advection  plays  an  important 
role  at  many  levels,  There  is  ns  reason  to  believe  it  is  not  Important 
in  the  ocean  as  well,  but  the  necessary  current  and  synoptic  tempera- 
ture data  have  not  beer  taken  to  permit  actual  computation  of  this 
term  directly.  The  technique  uaed  by  Bretachneider  involved  an  es- 
timate of  the  surface  current  due  to  the  wind,*  which  was  assumed  to 
advect  the  mean  isotherm  pattern  for  the  particular  month  Involved. 

This  procedure  permits  computation  of  a value,  but  it  remains  to  be 
shewn  that  such  a value  can  be  given  a physical  interpretation.  In 
Oil  likelihood,  the  actual  surface  advection  over  a dally  nr  vWr 
interval  has  little  correspondence  with  such  a computed  value.  A 
completely  unanswered  question  remains  concerning  horizontal  advection 
into  the  water  column  below  surface  levels. 

In  Cochrane’s  study,  he  has  chosen  an  are*  where  the  cccsn 
is  almost  horizontally  uniform  in  the  upper  layers  of  the  ocean. 

* C - 0.0127  , . 

2 - (Sverdrup.  1942,  p.  494)  ’-'as  used  where  C is  the  speed 

of  the  ocean  surface  currant  aryl  n i*  the  speed  cf  tbs  wind.  It 
was  assumed  C moved  33°  to  tha  right  of  U. 
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In  spite  of  the  choice  of  location  Cochrsn©  finds  that  horizontal 
advection  at  layers  well  below  the  ocean  surface  is  important  during 
parts  of  tiie  year.  The  method  of  computing  such  advection  in  not 
presented,  but  it  may  be  that  the  residual  in  Cochrane's  heat  budget 
study  was  assumed  due  to  horizontal  advection.  Such  deep  advection 
effects  also  may  be  the  result  of  variation  within  internal  waves  at  the 
thermocllne  due  to  changes  either  in  amplitude  or  period. 

In  studies  on  a hemispheric  scale  the  problem  of  advection 
in  the  horizontal  is  limited  to  estimates  of  inflow  across  the  equa- 
torial oceans;  in  overall  energy  considerations  such  as  those  of  Sver- 
drup and  Jacobs,  the  contribution  of  such  advection  is  assumed  small, 

Scbule  does  not  evaluate  a horizontal  advection  term  in  his 
study,  although  recognizing  the  factor  as  having  significance. 

The  "beet-fit"  process  of  obtaining  4*  would  eliminate  those 
energy  change  effects  which  are  uniformly  distributed  «i+-h  depth. 

Those  effects  which  are  irregular  in  depth  distribution,  such  as  a 
greatly  increased  ocean  surface  sdvective  warming  (or  cooling),  or 
the  advection  of  a deeper  (or  shallower)  thermocllne,  would  not  be 
excluded  by  the  M matching  uroced\n»a. 

i.  ~ 

The  variation  of  A£  includes  such  irregularities,  sad  since 
the  variation  of  is  in  good  accord  with  variations  in  advection 
postulated  above,  horizontal  advection  may  possiblv  provide  a signi- 
ficant part  of  A'  It  should  bo  recalled  from  previous  discussions 
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that  A*,  also  contains  all  effects  dee  to  the  smoothing  of  data, 
errors  in  estimation,  and  effects  due  to  other  un calculated  physical 
processes  as  veil. 

The  relation  of  A_  to  A*  nov  say  be  discussed,  A reflects 
T T T 

the  effect  of  all  temperature  change  cceisribg  throughout  the  column 
depth.  To  the  effect  of  irregularly  distributed  vertical  variation  of 
heat  change  as  depicted  by  A£,  the  quantity  (A may  be  added  to 
represent  the  effects  of  heat  change  which  is  uniform  with  depth 
occurring  in  a water  column  during  a particular  tine  interval* 

Ap  would  have  a relation  to  Ap  corresponding  to  that  between 
Ay  and  A£  (ccapare  in  Tables  4,  5 and  6).  The  variation  of  A^,  Ap  and 
AjjgT  far  the  three  seasons  studied  is  shown  in  Figures  9,  12  and  15. 

Forecasting  relations  oust  deal  eventually  with  Ap  and  Ap, 
of  course.  It  1s  suggested  frem  these  data,  however,  that  variations 
of  a parameter  stand  out  more  clearly  in  an  intermediate  stage  of 
relationship,  such  as  the  one  shown  by  AA  and  Aj.  in  the  "best-fit" 
process. 

Stannary  of  the  Model 

It  appears  that  the  term  (depending  mainly  cn  evapora- 
tion and  the  dynsEie  effect  of  atmospheric  weather}  acts  to  provide 
compensation  in  the  ocean  when  Af,  swings  toward  an  unusually  high  or  low 
value.  Rrom  the  above  discussion,  it  apnem**  th«t  * 227  be  influenced 
largely  fey  horizontal  advective  processes  which  are  irregularly  dis- 
tributed with  depth.  Such  advection  could  be  possible  through  sir  erg 
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viads  persisting  at  the  surface  for  a prolonged  interval  (when  signi- 
ficantly different  water  nasses,  i.o. , the  Gulf  Stream  or  the  East 
Greenland  Current,  are  near),  or  through  a mean  change  in  the  ampli- 
tude of  internal  waves  at  the  thermocline.  The  "cross-overs'1  (i.e., 
points  1,  2 and  3) 


becoming  zero.  Ay  then  follows  a course  which  integrates  the  effects 
of  the  variations  in  and  A£.  The  absolute  value  of  depends  on 

the  positions  of  and  A£  relative  to  the  zero  value  on  the  chart. 

The  above  discussion  depends  heavily  an  relationships  far 
1948,  when  the  most  complete  data  were  available  for  this  study.  It 
appears  that  the  data  for  1949  displayed  some  of  these  features  but 
not  as  extensively.  Relationship.?,  for  1947  differed  from  those 
of  1948  in  most  of  the  limited  number  of  intervals  studied.  It  would 
-ppocr  that  relationship  pmvienss  may  oe  set  up  and  followed  in  a 
particular  year,  but  in  a succeeding  year  a different  relationship  is 
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established.  An  analogous  situation  is  the  recurrence  of  certain 
weather  "situations'1  in  a region  for  a particular  season,  "bit  with 
quite  a different  pattern  of  recurrence  happening  Area  year  to  7s ex*. 


Seasonal  Total  Parameters 

Of  interest  in  relation  to  previous  studies,  the  seasonal 
total  of  each  parameter  say  be  formed  as  the  sum  of  individual  weekly 
totals.  These  totals  may  then  be  compared  to  determine  if  a balance 
exists  in  the  heat  budget  of  a water  column  on  a seasonal  basis.  In 
1948  it  appears  aa  if  a near-balance  is  achieved  for  the  autumn  eeesea* 
In  1947  there  was  a net  train  in  heat,  while  in  1949  there  vac  a large 
net  loss,  far  the  entire  season. 


These  total  changes  for  each  season  were  measured 


the  first  and  laat  BT's  of  each  season  on  a graph  and  measuring  the 
area  between  the  curves.  This  Is  a procedure  similar  to  that  used 
in  obtaining  the  weekly  A^,  values.  The  resulting  curves  are  shown  in 
Figures  4,  5 and  6. 

Plots  of  average  temperature  for  the  cesses  versus  depth 


correspond  roughly  to  the  above  losses  of  heat  in  1947,  far  tempera- 
tures sure  relatively  low  compared  to  1943  and  1949  at  levels  down  to 
350  feet  in  depth.  A corresponding  relation  between  1949  and  1943 
does  not  appear  (see  Figure  3). 

For  the  entire  autumn  season  of  1943.  the  evaporation  and 
dynamic  process  amounts  (A^,  A^)  combine  to  give  a large  negative  total 
contribution.  The  slight  positive  observed  total  ( Aj.)  is  not  in  the 


direction  to  he  expected,  considering  that  the  summer  oceans  cool  vltt* 
the  onset  of  winter;  there  appears  to  be  a large  positive  or  warming 
region  below  the  thsrraocline  which  more  than  compensates  mixed  layer 
cooling  fear  the  season.  This  is  also  true  for  1947. 

The  total  change  due  to  other  causes  (Ap)  is  positive  end 
of  the  same  order  of  magnitude  as  the  incoming  radiation  amount  (Ag) 
and  the  evaporation  amount  (Ap);  it  is  about  75%  of  the  Ap  amount  from 
one  particular  period,  from  20-26  September  1948.* 


Depth 
(Feet ) 


(Autumn)  Seasonal  Average  Temperature,  ° P 
For  "0"  Station  ? North  Atlantic  Ocean 

FIGURE  3 


SIL  M — _ _ _ „ t,  t ^ ^ 4-  . S . . 9 . A • . • . A ' « • * * <•  * » 

ilxjjb  base  uiu  inwi  uuutjj-Lo  boa./  ajiveos/xpavcu  as  wj  vej.itu.vy  oi  uai/O  j 
it  appears  that  a complete  mid  radical  change  in  water  mass  occurred 


at  the  station,  reaching  all  depths  down  to  450  feet. 
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The  quantities  of  heat  removed  by  evaporation  computed  by 
the  two  evaporation  formulae  ar»  obviously  well  correlated  (see  Table 
2).  The  agreement  of  the  magnitudes  is  slightly  better  than  would  be 
expected  from  a comparison  of  the  constant  factors  in  the  two  comput- 
ing equations  (those  of  Jacobs1  formula  would  indicate  a maximum 
possible  deviation  of  about  2.42  times  from  the  Lake  Hefner  results). 

TABLE  3 

Comparison  of  Lake  Eofner  Formula, 

Jacobs'  Formula  and  Total  Ap 


10/0 

A 

nefner 

Jacobs 

Totals 

1 

h +ad 

Ap  + Ap 

in  ft-deg.  F 

107 

98 

854 

kA 

a;  +a* 

P D 

-851 

-877 

-91 

It  is  of  interest  to  note  in  the  seasonal  totals  of  boat 
change  that  both  Aj  and  A£  agree  reasonably  well  with  the  respective 
sunsaed  quantities  of  Ap  + Aj)  and  Af,  + Aj>  f or  1948  (see  Table  3),  when 
the  Lake  Hefner  evaporation  formula  is  used  for  computing  Ag  (note 
changes  in  affect  and  Ap).  If  the  residual  terms  were  found 
to  be  related  to  horizontal  advection,  the  sum  of  Ap  + Ap  would  repre- 
sent total  or  three-dimensional  advection  in  a sense.  The  forecasting 
possibilities  of  such  a relationship  between  total  advection  and  total 
beat  change  make  it  highly  desirable  to  investigate  this  aspect  further 
at  some  later  time. 
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MMururing  the  urea  between  the  first  and  last  BT  fer  each 
season  in  one  operation  gives  a acre  accurate  determination  of  the 
total  heat  energy  change  than  does  the  sum  of  the  seven-day  Aj  amounts. 
However,  only  in  the  year  having  continuous  data*  does  the  sum  of  the 
Aj’b  far  seven  -day  periods  permit  comparison  to  a season-long  Kj>  measure- 
ment. In  1948,  the  seasonal  amount  as  determined  from  Figure  5 is 
—2  ft— deg.  F,  whereas  the  seasonal  Ay  amount  obtained  ty  summing  the 
seven-day  amounts  is  107  ft -deg.  F. 


* Data  for  1947  and  1949  are  discontinuous  due  to  either  missing 
retoorolo^icol  or  FT  observations. 


CC0CLOSXCKS 


1.  There  Is  good  agreement-  between  the  trends  of  the  "beet- 
fit"  total,  4>,and  the  explained,  A^f  heat  changes  in  many  cases 
studied.  The  magnitudes  and  the  "periodicity"  of  the  two  changes  are 
comparable.  Such  trend  agreement  suggests  that  most  processes  affect- 
ing heat  energy  change  in  a water  column  probably  have  been  included  in 
the  estimated  contributions. 

2.  The  net  variation  in  heat  content  within  a water  column 
explained  by  physical  processes  (solar  radiation,  back  radiation, 
evaporation.  Freemen’s  dynamic  effect)  for  which  estimates  or  data 
are  available,  %£]•,  appears  to  depend  largely  on  heat  change  due  to 
evaporation,  and  the  dynamic  effect,  A^.  Which  factor  predominates 
is  apparently  related  to  the  mean  weather  situation  over  the  surface, 
in  a manner  to  be  determined. 

3.  The  technique  of  moving  successive  ■— « 5T 

traces  horizontally  into  a "best-fit"  position  allows  the  variation 
to  be  more  easily  related  between  totil  heat  change,  Kp,  net  heat 

A. 

change  explained,  A^^and  the  residual  amount,  Ay. 

4.  It  is  suggested  that  the  amount  of  heat  subtracted  py 
such  a "best-fit"  process  may  bo  due  to  that  cccpesest  of  total  hori- 
zontal advacrtioa  which  acts  uniformly  at  all  levels.  This  does  not 
preclude  that  part  of  horizontal,  attraction  which  is  unevenly 
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distributed  with  depth  fte  providing  & pertiec  ©f  AJ,,  the  uaexpl.iifisd 
residual  remaining  after  the  "feast-fit"  procedure. 

5.  The  total  amount  of  heat  change  after  the  "beat-fit" 

procedure  (A >*),  and  A|  (see  3)  appear  to  fea  related  on  time  sequence 

charts  in  a check  and  balance  fashion.  When  Aggp  departs  appreciably 
from  zero  pl£  terns  to  move  in  a direction  to  oppose  this  tendency 
during  much  of  the  time  studied.  Each  quantity  fluctuates  in  both 

the  positive  and  negative  sense  about  sere.  integrates  the  two 
influences,  and  varies  In  magnitude  defending  on  the  positions  of 
Ajjpj.  and  A j,  relative  to  zero. 

6.  The  time  when  and  Aj,  "cross-over"  appears  related 

to  the  time  whmi  Aq  is  zero,  for  much  of  the  data  presented.  This 
"cross-over"  Indicates  the  time  when  A£,  having  acted  in  a negative  sense 
an  A*,  begins  acting  positively  as  compared  with  the  effect  of  A . 

A niu 

?.  ~ possible  physics!  rslailiwuip  1 s pustuleliid  uetwoec 

such  behavior  of  oceanic  parameters  and  changes  In  the  mean  atmospheric 
pressure  pattern  over  the  area.  This  relationship  needs  verification 
from  independent  data. 

8.  It  is  suggested  that  recurrence  patterns  persisting  for 
at  least  a season  may  exist  in  the  ocean  heat  changes,  but-  these  patterns 
eprear  to  change  from  year  to  year. 
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9.  Ho  heat  balance  is  demonstrated  to  exist  in  the  ocean 
on  a weekly  basis  from  data  presented  here.  If  horizontal  advection 
processes  could  be  estimated,  the  balance  possibly  could  be  atteinod, 
although  the  importance  of  data  smoothing  effects  or  unknown  physical 
procees  effects  is  not  to  be  minimized.  On  a seasonal  basis  it 
appears  that  a near- balance  is  attained  for  one  of  the  three  seasons 
studied  (1948). 

10.  There  are  indications  from  the  variations  in  parameters 
reported  here  that  temperature  nay  vary  significantly  in  the  horizon- 
tal as  well  as  clear  demonstrations  of  temperature  variation  in  the 
vertical  end  in  tine.  Whether  or  not  ocean  currents  and  other  physical 
features  of  the  ocean  demonstrate  this  same  tendency  is  not  indicated. 

11.  There  are  indications  of  interdependence  of  the  boundary 
influences  (note  conclusions  5 and  6)  which  appear  to  act  as  a check 
and  balance  system  on  the  change  in  heat  content  of  the  water  column. 
Such  indications  require  further  Investigation, 
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RISC  GHMFHDiTIGMS  fCR  fDTCRB  STDOT 


1.  A serious  lack  of  data  now  exists  for  computing  horizon- 
tal advection  in  the  ocean.  All  possible  effort  should  be  exerted  to 
secure  adequate  sea  temperatures  and  velocities  on  a synoptic  basis  to 
provide  this  need. 

2.  An  analysis  similar  to  this  reported  one  should  be  made 
incorporating  effects  of  measured  horizontal  advection  and  measured 
solar  radiation.  The  remaining  residual  then  should  indicate  the  confut- 
ing error,  lag  effects  and  adequacy  of  estimating  the  effects  of  physical 
processes. 

3.  Apparent  relations  between  atmospheric  parameters,  such 
as  the  zonal  indices  and  variation  in  A^,  A4.  and  A1  should  he  in- 

nui  a JT 

▼estigated  with  a view  toward  developing  forecasting  techniques. 
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TABLE  4 


Energy  Balance  Sheet 
At  «C"  Station 
For  Autumn,  1947 


1 

2 3 4 

5 

* 

0 

7 

8 

9 10 

Time 

Jht-erval 

Dates 

AS  «B  Ag 

%> 

%ET 

Ap 

AJ  Af 

(AH  Values  : 

La  Ft-Deg.  F) 

A Sept.  1-  7 

162  - 31  - 50 

81 

149 

230 

- 15  66 

B Sept.  8-14 

149  - 32  -119 

- 2 

— 148 

-150 

-170  -172 

C Sent.  15-21 

137  - 32  - 72 

3? 

-127 

- 94 

-113  - BO 

D Sept,  22-28 

124  - 31  - 21 

72 

- 98 

- 26 

- 82  - 10 

E S.  29- Oct. 5 

97  - 26  - 68 

3 

_ 7 

_ L 

= 30 

F Oct.  6-12 

87  - 27  -145 

- 85 

4 

- £ 

-178  -263 

0 Oct.  22-28 

65  - 27  - 93 

- 55 

166 

111 

- 77  -132 

H 0.  29-Hot.  3 

57  - 28  -145 

-116 

108 

- 8 

- 22  -138 

I Hot.  6-12 

56  - 32  -171 

-14? 

cno 
^ ■■■ 

» 

_ O *1/0 

— *.  -xi^7 

TOTAL 

934  -266  -S84 

—216 

959 

743 

-662  -878 

^)  + *p  = 959 

Ajj  * A • - -662 

Ay  3EASCJJ&**  — - la«t  BT)  = -1715  ft-dsg.  F 
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TABLE  5 


Energy  Balance  Sheet 
It  BC"  Station 
Far  Autumn,  1948 


1 

2 3 

4 

5 

6 

7 

8 

9 10 

Tine 

Interval 

Bates 

*E 

*D 

^NET 

ap 

*1 

H *T 

(All  Values  In  Ft-dsg.  F) 

A Sept. 

6-12 

152  - 26 

- 35 

- 72 

19 

- 395 

- 376 

1 20 

B Sept. 

13-19 

140  - 32 

- 63 

16 

61 

- 113 

- 52 

- 25  36 

C Sept. 

20-26 

128-30 

- 29 

-125 

- 56 

1720 

1664 

- 24  - 80 

D S.27- 

Oct.  3 

117  - 32 

-103 

-no 

-128 

196 

68 

174  46 

E Oct. 

4-10 

104  - 32 

-26O 

- 35 

-223 

117 

- 106 

• AA  AAA 

-J.L/J  -JO 

F Oct. 

11-17 

93-32 

-163 

126 

24 

- 416 

- 392 

-140  -116 

G Oct. 

18-24 

82-32 

- 71 

130 

109 

- 255 

- 146 

-126  - 16 

H Oct. 

25-31 

71-32 

-208 

25 

-144 

251 

107 

-118  -263 

I Nor. 

2-  7 

54-27 

-158 

-irt> 

-307 

- 359 

* 0 * 

- 000 

240  - nj 

J Hot. 

0m  a «« 

54-31 

- 74 

- 42 

- 93 

86 

- 7 

215  22 

K Her. 

14-20 

46-24 

-349 

- 45 

-172 

- 327 

-499 

35  -137 

L Not. 

21-27 

42-32 

-102 

- 63 

-155 

431 

276 

171  17 

H nuv. 

2«— 30 

18  = 14 

= 57 

- 28 

- 81 

317 

236 

108  28 

TOTAL 

1101  -376 

-1472 

-399 

-1146 

1253 

107 

308  -838 

*D  +AP  = 

854 

AD  ” 

-91 

*T  SEA30S 

(1st  BT  - last  BT)  = -2  ft-deg.  ? 

53 


TABLE  6 


Energy  Balance  Sheet 
At  "C"  Station 
Far  Autism,  1949 


1 


2 3 4 5 6 


7 8 9 10 


Tine 

ffe*B*EAD,W*?iTiPAT 
(All  Values  in  Ft-Deg.  F) 


k Sept. 

1-  7 

162 

- 31  -142 

- 64 

- 75 

-380 

-455 

138  63 

B Sept. 

8-10 

65 

- 13  - 27 

-131 

-106 

138 

32 

100-6 

C Sept. 

17-23 

134 

- 32  - 18 

- 23 

61 

-199 

-138 

-64  - 3 

D Sept. 

24-30 

121 

- 32  - 63 

- 52 

- 26 

81 

55 

4-22 

E Oct. 

1-  7 

109 

- 31  - 25 

53 

292 

345 

-109  - 56 

F Oct. 

8-11 

8A 

- 27  -107 

- 50 

911 

861 

24-26 

G Nov. 

9-15 

52 

- 33  -123 

-104 

22 

- 82 

39  - 65 

H Hov. 

16-18 

20 

- 14  -no 

-1C4 

- 35 

-139 

-167  -271 

I S GV. 

23-29 

42 

- 33  - 35 

- 26 

30 

4 

-132  -158 

TOTALS 

789 

m a £. 

-270 

*%rm 
-J!  ! 

64/3 

wv 

# 09 
«§*V 

-167  -544 

*D  * *F  S 59Q 
* -437 

*7  SEAS  Co  -lst  OT  - lft5t  57 ) “ 435  ft-deg.  F 
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APPENDIX 


It  is  desirable  to  convert  all  energy  aeousta  into  a 
ecwoon  unit  which  any  be  used  to  eowpare  the  aaeunt*  of  (*nsr*y 
received  through  the  various  physiesL  processes*  The  unit  of  foot- 
degrees  Fahrenheit  (ft-dsg.  ?)  represents  the  energy  necessary  to 
raise  the  teaperaturs  of  a eolusn  of  water  one  square  cast  in  cross- 
section  ana  one  foot  long  by  one  degree  Fahrenheit.  This  is  used 
as  the  standard  energy  unit.  Tbs  system  is  chosen  because  Bathy- 
tbsraegraph  readings  are  reported  in  unite  of  degrees  F and  feet. 


Computation  of  k-.  is  shewn  for  the  period  P-7  Boveaber 
1948  at  Station  "C".  in  Figure  16.  The  two  curves  of  Figure  16 
are  drawn  to  significant  temperature  and  depth  points,  listed  be- 
low, for  the  second  and  seventh  of  Boveaber,  respectively.  Each 
point  represents  a five-day  running  mean  centered  on  the  second 
and  seventh  of  Boveaber.  These  points  are  ay  follows* 

Tg  e surface  temperature 

* teaperature  at  IDO  feet 

s tesiperature  at  200  feet 

* temperature  at  350  feet 

TO  s depth  of  top  of  thermo  dine 
MW  * mixed  layer  depth 

MID-2  * depth  to  temperature  29  lower  than  that  at  KID 


i 


D^,  D2,  D,,  etc.  * depth  fion  ih*  aurfsos  to  Water 

* temperatures  2,  4»  otc.  degrees 

lowrsr  than  tb®  mirffcas  water. 

All  of  these  quantities  are  di  sciwaw  in  Technical  Report 
Ho.  1 of  this  project  (see  references),  except  the  quantity  TD. 

The  thermodine  depth  is  represented  by  this  designation, 
ID,  and  it  often  is  aynoncaous  with  the  MID.  A distinction  is  zeds 
between  the  two  items,  however,  when  considering  the  permanence  and 
prominence  of  the  TD  as  compared  with  MID.  While  the  BT  trace  nsy 
show  several  gaall  "steps"  in  the  upper  regions,  each  of  Uiich  is 
classed  as  an  MID,*  the  narked  boundary  between  tbs  region  of  these 
snail  HLD's  and  the  colder  lever  water  is  a fairly  prominent  slops 
discontinuity  which  is  much  more  conservative  in  nature  than  ths 
snail  step  MID's.  This  jjromlnent,  quasi-conservative  feature  is 
labeled  as  the  thenaocline  depth,  TD. 

The  area  beti/nen  the  tvo  successive  curves  (including  an 
extension  of  each  from  400*  to  656'  and  41°P)  was  measured  by  means 
of  a planiaster.  In  ths  chosen  example  (Figure  16),  the  area  be- 
tween the  second  and  seventh  of  Boveaber  1946  v&s  -5.16  square 
inches.  In  order  to  interpret  this  ares,  it  was  then  converted 
into  ft-deg.  F (the  coordinates  of  the  bathytfceraogrss).  Ga  the 
scale  which  was  used  for  plotting,  one  square  inch  equals  129.03 
ft-deg.  F;  thus  for  the  period  2-7  Boveaber  194?  s 

* Except  for  bis  internal  wave  discussion,  it  is  this  type  of  MID 
which  Schule  calls  the  theraoeline, 

ii 
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DEPTH  IN  FEET 


Ay  - -5.16  x 129.03  - -665.8  ft-deg.  F 


The  Blaus  sign  is  us  ad  to  indicate  loss  of  thermal  energy  bj  tbs 
water  column  during  the  period. 

Since  the  BT  measures  temperature  to  a depth  of  only  <450 
feet,  the  problem  of  changes  in  heat  content  below  450  feet  arises. 
In  the  case  of  five-day  running  mean  curves  as  illustrated  in  Figure 
16,  no  values  below  400  feet  were  obtained. 

Sverdrup  (1942)  notes:*  "In  the  Kuroahio  region  where  the 
velocity  of  the  current  is  great  and  the  turbulence  correspondingly 
intense,  the  annual  variation  of  temperature  becomes  perceptible  to 


m U On/A  -.4 

w viw^wu  vi  awu  w yw  UCUTU  S| 


but  in  too  sojr  of  Biscay  it  is  very 


snail  at  100  meters.  It  can  therefore  safely  be  concluded  that  below  a 

yw  tcuwo  uio  vewjniabiuo  ux  bin;  oceaa  AS  nob  BUUJBCb  liO  any 

annual  variation.  Since  the  station  being  studied  is  neither  in 
the  main  current  of  the  Gulf  Stream  System  nor  in  a quiet  bay,  it  seems 
reasonable  to  assume  200  meters  as  the  depth  of  no  significant 
change  in  temperature.  A value  of  5°C  or  41°F  has  been  taken  from 
Chart  IV  of  Sverdrup  as  the  average  200  meter  temperature  at  Station  "C". 
la  cases  where  the  BT  curves  coincide,  it  is  assumed  there  was  no 
temperature  change  below  the  depth  of  coincidence.  In  cases  such  as 
Figure  16,  where  curves  are  separated  at  400  feet,  straight  lines 
were  drawn  from  the  temperatures  at  400  feet  to  a point  at  41°F  at 
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656  feet,  sn£  tbs  area  of  the  resulting  triangle  was  eMe A to  t hs 
area  above  4CC  feat  to  obtain  for  the  period. 

The  planimster  se&aurenents  were  choked  until  thress 
BSasursaents  of  the  arena  agreed  within  0,04  of  a square  inch* 

Those  three  aaasureaente  were  then  averaged  to  obtain  the  total 
need  for  the  study. 

is  the  area  enclosed  between  two  successive  BT  traces 
when  placed  in  a "beat-fit"  position.  In  Figure  16,  the  7 Hoveabsr 
1948  curve  is  translated  to  the  position  shown  by  the  dashed  line, 
and  the  area  is  indicated  by  the  hatched  lines.  This  area  is 
-70  rt-deg.  T,  contrasted  with  the  corresponding  Aj  area  of  -666 
ft-deg.  F. 


Solar  Radiation 

Ag  is  used  to  designate  the  solar  radiation  received  at 


t.Ka  AA«ati 
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The  Figure  3 given  by  Frits  (1951)  reproduces  List's  values  of  solar 
radiation  reaching  the  outside  of  the  atmosphere  as  functions  of 
latitude  and  tine.  For  example,  on  1 September  the  figure  is  en- 
tered at  latitude  52°45'  north  and  the  value  700  langleys/dsy 
(gR— calces  -day ) is  read.  Subtracting  f or  albedo  leaves  406 

langleys/day.  This  C.G.S.  value  may  be  expressed  In  terns  of  ft-deg.  F, 
for  eevtm  days,  as 

406  X -3L*S—  x 7 = 

^ 30.48 

1.8  * «F/°C 
30.48  ca  = 1 foot 


168  ft-deg.  ?/*}  days 


Similar  computations  ware  performed  for  the  beginning  and  mf  idis 
days  of  each  month*  with  the  values  entered  on  a graph  as  shown  in 
Figure  2.  The  value  of  Ag  for  any  seven-day  period  say  thus  be  read 
by  entering  the  graph  on  the  middle  day  of  the  interval  desired. 

For  any  interval  of  less  than  seven  days,  prorating  «as  done.  For 
example,  the  value  for  a five-day  interval  is  taken  as  5/7  the 
appropriate  graph  values.  These  values  were  checked  with  average 
values  given  by  Lendsberg  in  the  Handbook  of  Msteorology  (1945)  aid 
by  Brunt  (1939);  all  estimates  agree  ss  to  order  of  magnitude. 


Back  Radiation 

Sverdrup  (1942)  gives  a method  for  estimating  bade  radi- 
ation from  the  ocean  as  a function  of  ocean  aurfae*  ianrarat-nre  (T- ) 
and  relative  humidity  of  the  air  Just  above  the  ocean.  Since  air 
temperatures  (T),  and  dewpoint  temperatures  (T,)  were  recorded  for 
til. ce— ijuui-ljr  Intervals  during  the  period  studied,  daily  averages  of 
these  quantities  were  used  to  estimate  the  relative  humidity  and 
the  back  radiation. 

The  procedure  followed  in  computing  relative  humidities 
is  illustrated  in  the  following  example.  For  1 September  1949,  when 


the  aver«g«  t was  52. 7°?  the  average 


fj«n  J* 7Qt?^  fKa  Qiwj  ^*f*«*^ 


Tables  were  entered  with  these  temperature  values  ftnd  the  respective 
saturation  values  of  water  vapor  pressure  were  read  (0.A007  and 
0.3240  in.Eg).  The  relative  humidity  is  computed  from  the  ratio 


of  these  values: 
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s*100  * §^*100  * *>•* 

The  above  procedure  use  fallowed  for  each  day;  averages  cf  the  daily 
relative  humidities  and  Tg  ware  aside  over  each  tins  interval  (usually 
seven  days).  Thus  for  1-7  September  1949  the  average  relative  humi- 
dity was  c£>%,  and  the  average  Tg  was  53°P.  Entering  Figure  25,  p. 

Ill,  in  Sverdrup  (1942)  the  value  for  Q„  is  read,  0.175  ph-cel/caP-aSsi, 
0.3  Qo  l8  0.0525*  When  this  is  multiplied  by  the  cumber  of  minutes 
in  a week  and  converted  into  the  standard  energy  unit  of  this  study, 
we  have 

% = -0.0525  x x 7 x 24  x 60  = -31.2  ft-deg.  F 

The  equation  for  evaporation  used  by  Montgomery  is  similar 
to  equations  for  vertical  flux  of  momentum  and  thermal  energy* 

& * P *o  Va  '~a  fa*-  ”a 

where  E is  evaporation  in  gsv'cs^-eec. 

P is  density  of  air  = 1.25  x 10"^  gm/ca3 

Kq  is  von  Karmen's  Constant  ~ 0.4 

^1j  resistance  coefficient  = 0.03 

•’"’a  Is  evaporation  coefficient  * 0.065 

qy  is  saturation  specific  humidity  of  sea  surface,  Tg 

dm  is  specific  humidity  in  air  at-  "nsmcEeter  height  a 

wa  is  wind  speed  at  height  a 
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New  (q^  q^)  can  be  approximated  by  ^j|P  (e^-  ®g)  whore 
Oy  and  efi  ere  the  saturation  Tapes'  pressure  of  the  ocean  surface  and 
vapor  pressure  of  the  moisture  In  the  air.  respectively:  *»w  i*  * 
function  of  Tg,  and  ea  is  & function  of  T^. 

Evaporation  can  therefore  be  expressed  as  E » C (ew-  e^Ju 
where  C - p Ko  ra  rft  « 2.8  x 1CT6  tor  hydrodynaaically  smooth 
flow  of  wind  over  water.  Fcr  hydrodynamicslly  rough  flow  the  above 
constant  is  isultiplled  by  a factor  of  3.5.  This  results  in  Jacobs’ 
formla  for  evaporation  t 

E - 2.8  x 10"6£l?(ew-  eaTwa  +3.5  M<^- ea) 

Modifying  Jacobs1  Formula;  The  products  (*w“  «a)  w for  the  •smooth" 
wind  observatiwa  were  awrjxi  separately  from  the  "rough"  wind  obser- 


vations each  day;  conversion  factors  to  transform  the  computed  amount 
into  ft-dog,  F were  included;  the  final  converted  fora  of  ti»»  Tennis  i st 


. -cQ  (ew-s.)  vB  + 3,5  i <•„-«.)  ^ 

where  C » 33.86  x | x 24  x 51.43  x 585  x x 2.8  x lO-6  » 0.5053 

(ey-ea)  Inches  of  Hg;  one  inch  Hg  * 33.86  mb 
v in  knots,  one  knot  * 51.43  cm/ sec. 

¥ ■ otoS£ug£  S 

evaporation/interval 

585  = gm-cal.  of  haat/gm  of  ocean  water 
1.8°F  = 1°C 


30.43  cm  * one  foot 
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Swap!*  of  Ag  C caput  at  lent  Ih  order  to  evaluate  the  teres  of  the 


final  evaporation  formula  discussed  above,  it  \ma  necessary  to  obtain 
the  T,  T,j,  w sad  Tg  ©boervatieas  fer  intervals  spaced  as  oloeaiy  to- 
gether as  possible.  The  waather  ships  asks  observation  every  three 
hours,  so  this  tiaa  interval  was  used. 


TABIS  7 


Caaputations  of  Evaporation  Parameters 
For  1 September  1949 


Time 

T 

/Ot»  \ 

\ c J 

% 
/o»\ 
\ ^ / 

% 
/©fa  \ 
\ / 

*a 

/«  rt_  \ 

V*  “g/ 

*w 

/m  rr_  \ 

V Og/ 

ew“°a 

(*  Kg) 

w 

«fi — 

B.W5* 

(e„rea)w 

00302 

51.5 

54 

47.8 

0.3339 

0.4203 

0.0864 

24 

2.0736 

Q33GZ 

51.0 

53 

50.6 

0.3708 

0.4052 

0.0344 

24 

0.8256 

A/  A/VT 
WJUi 

51.0 

53 

49.2 

0.3519 

0.4052 

0.0555 

24 

i.2w2 

09302 

52.0 

53 

46-2 

0.3144 

0.4052 

0.0908 

28 

2.5424 

123  OZ 

54.5 

53 

43.5 

0.2836 

0.4052 

0.1216 

24 

2.9184 

15302 

55.1 

53 

47.1 

0.3252 

0.4052 

0.0800 

28 

2.2400 

18302 

54,0 

48,5 

0,3428 

0.4052 

0.0624 

-to 

1.8920 

213  OZ 

52.5 

53 

44.7 

0.2968 

0.4052 

0.1084 

31 

3.3573 

17.1085 

Legend:  T is  surface  air  temperature 

Ts  is  surface  ocean  temperature 
ea  is  surface  air  vapor  pressure 
is  ocean  surface  vapor  pressure 
v is  windepeed  at  «me©«aeter  level 


Since  all  eight  products  involve  vindspeeds  above  6.5  a/eao 

(13  knots),  all  products  are  added  to  obtain  a "rouLzh*  evaporating* 

8 

factor,  2(ev-ea)v  * 17.11. 

1 
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This  procedure  is  followed  far  each  day  in  the  wren-day 
period  being  studied.  The  resulting  "smooth"  and  "rough"  evaporation 
factors  are  the  following t 


TABLF  8 

Summing  Smooth  and 
Rough  Wind  Parameters 


Date 

"Smooth" 

"Hough' 

1 Sept.  1949 

0 

17.11 

2 Sept.  1949 

0 

25.81 

3 Sept.  1949 

0 

16.49 

4 Sept.  1949 

0 

17.G9 

5 Sept.  1949 

3.26 

0.68 

6 Sept.  1949 

0.40 

1.43 

7 Sept.  1949 

0 

JM 

0» 

79.41 

The  "smooth"  factor  sum  plus  3.5  times  the  "rough"  factor  sum  are 
added  together: 

3e.C  - *5  r — no  n — ')»i  in 

•<JU  T Jt.J  JL  - ,Ui.(Wf 


This  amount  represents  the  bracketed  part  of  the  formula  for  Agj 


-0.5058 2 («y-  ea)w8  + 3.5 


Then  the  total  evaporation  in  ft-deg.  F for  the  period  is: 

A.,  s -0.5058  x 281.60  = -142.43  ft-deg.  F per  7-day  period. 

£*  — - - - 


* When  the  product  (ey-  ea)w  is  negative,  as  occasionally  happens,  an 
evaporation  factor  of  zero  is  taken;  the  negative  terms  obviously 
do  not  contribute  heat  to  the  water  column. 


x 


Comparison  Between  A.,  Computations  Using  Jacobs 5 Formula  and  Using 


the  Lake  Hefner  Formula  t The  Lake  Hefner  study  gives  evaporation., 
xs  in  rn/3  ur a.  as  fallows  i 

E«  * 6.25  x lCP^  u (®v- ea) 
where  ew  and  ea  are  In  millibars  and  u is  in  knots. 

To  obtain  In  ft-deg.  ? per  throe  hours,  where  ev  end  ea 
are  In  Inches  of  Hg,  and  u is  In  knots,  the  constant  In  the  above 
equation  may  be  multiplied  by  the  nuabsr  of  millibars  in  one  inch  of 


Hg,  latent  heat  of  vaporization  in  calories,  degrees  F per  degree  C 
and  feet  per  cm.  Eros  Ag  is  ffc-dsg.  F per  three  hows  is* 

Ag  = -0.7312  (ew-ea)  u 
csr  in  »£  = -0,7312  £ ^ = > ***"! 


U°w“  °a'  UJ 


7 days  "» 

where  Z is  the  number  of  three-feourly  observations  per  week.  Making 
use  of  the  example  of  the  previous  paragraph  to  compute  the  seven-day 
AjJ  by  the  Lake  Hefner  formula,  it  ia  necessary  only  to  sum  all  of  the 
three-hour ly  (e  - e ) u products  for  the  perjrd  1-7  September  1949 
and  multiply  by  0.7312.  Since  there  is  no  distinction  *iade  here  be- 
tween '’smooth"  and  "rough"  flow,  the  totals  of  these  two  columns  in 
Table  2 may  be  added  to  give  a total  (e.  - e )u  of  S3. 07.  Then  for 


me  pcrjxxi  :-i  September  iV4V 


* -0.7312  x 83.07  - *^0.74  ft-deg.  F 

as  corn  oared  with  A_  a ft-desr.  V 

a — - 

in  Table  2 was  computed  In  this  manner,. 


Using  Freeman's  equation  for  change  in  theraocline  depth 


with  tiros , 


the  thermal  energy  change  associated  with  this  would  be  given  by 
*D  * p^f  <T-W’hl2, 


v»i?  = 

Then  the  seven-day  value  converted  to  ft-deg.  F Is  : 

AD  = K jJS/  SlQ  A bJ  x flW  “ T200m]  . 


where  E 


0.14152  x 1010 


pi  « density  o?  ocean  water,  1.C25  gn/cm^ 

P = density  of  air,  1.25  x 1 CT&  gm/ca? 
f - coriolis  parameter;  at  52°45'N,  1.162  x 1CT&  sec“^ 
c * stress  coefficient,  3.2  x 10"^  ga/cm  * 

An  * 3.219  x 10?  cm  ■ 200  nautical  miles 
6.043  x 10^  s rruaher  of  seconds  in  seven  days 
= conversion  free  cm-deg.  C to  ft-deg.  F 

30.4 8 


* Sverdrup  (1542),  page  494. 


xli 


Tbto  quantity  §£  is  asfeS’ja'sd  at  points  A gnd  B at  a distance 
an 

|*  to  the  left  and  right  of  the  station  on  a line  perpendicular  to 
the  surface  isobars  through  the  station  (see  Figure  17).  f^.p  can  be 
represented  by  the  ooean  surface  temperature  on  the  Kiddle  day  of  the 
period  and  TjQQa  i»  about  5°0  (the  average  temperature  at  200  asters 
depth  for  this  station). 

The  surface  isobars  are  tun; ally  not  straight  and  do  not 
have  uniform  curvature.  This  makes  it  difficult  to  pick  a.  straight 
line  perpendicular  to  the  isobars.  It  was  decided,  therefore,  to 
draw  a sat  of  B-3,  E-W  rectangular  coordinates  through  the  station 
and  measure  the  components  of  £E  on  both  axes  (see  Figure  18). 
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the  difference A . represents  ilife;  and 

V An  ’ An  V A L An  l An  ! / B dx 

^ I fn  D represents  £92  .»  It  will  be  assumed 

that  ail  transport  by  wind  takes  place  in  the  mixed  layer  (at  90 P to 
the  right  of  the  wind  direction);  and  that  the  surface  isobars  re  pro- 

r ~i  ■» ~4~  A!na  *r4«v9  a1  4 A mm  mm  Vv  AUa  MMMn  Tf  a. 

v*.  *_*.  fvvAvu  «*«*  aMMewuwu  wj  *»»*w  ns*  w 


that  water  transport  is  directed  opposite  to  the  atmospheric  pres- 


•m  gradient..  ?nr  tJhe  nreaenra  di?b*iblt.f«5  f? 

US,  the  transport  would  be  directed  as  shown  by  the  vectors  at  A, 


C 

* 3/&u  ha&  been  Included  in  5» 
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Atsospherlc  It  3 p stir  b Gradient  Jfeesureaent 
Fionas  1? 
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Reaoluticn  of  Itsospfccs’io  ftawart  Gradient  into  Cagcnata 
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£,  C *ud  T>,  Bringing  vtwr  Into  t he  colas®  *Sds  hast  a&lls 

oat  voter  subtracts  haat.  To  osloulsts  tfea  waters  ssirt-  Is  givs© 

the  signs  shovn  in  Figaro  IS.  Unss  If  Figsare  18  is  used  «s  « model, 

and  tfc«  pressure  gradients  it  4,  5,  C sod  S se  eeasi«er§d  positiw, 

tbs  Sign  of  s«ut  SB5s*ltf  ~~  ■ oO  dstinuSw  jsss* 

Aa  t As}  A,B PC  or  D 

pssdi&tly  la  say  given  case. 


Ssawgls  or  Computation  i Crepitation  of  ip  for  tbs  period  4-8 

September  1949,  at  "C*  using  fiV3~dsy  naan  sea  level  Freeware  mp  for 
3-7  September  1949. 


FIOtRB  19 

Surface  Isobars  on  D.S.H.B.  Five-Day  Mean 
Surface  Chert  for  4-8  September  1949 


Dlstanoaf  bs  (200  Statical  nil*?  ) «pd  laid  out  os  tbs  sss$a 
through  Stcticn  «C8  (»ee  Vigors  3.9)  sad  bp  (to  *b)  is  raasered  eve? 
tbs  distance-  2A0t  2B0,  2C0  cod  2D0  sod  sstersd  is  colsaoa  1,  2,  3 
*nd  4 in  Table  9,  Tbs  bp's  are  tecs  divided  tor  An  six'  by 

103  (eeawrsicn  of  sib  to  C.G.S.  Taite  )t  sack  quotient  ■eltipilad  by 
Its  own  absolute  valos,  pi's serving  the  sign,  rad  entered  in  eeXora? 

5,  6,  7 and  8 of  Table  9.  The  signs  of  tbs  terra  are  determined  by 
reference  to  the  nodel.  filter  in  colon  9 tee  sea  of  eclvtsai  5,  6, 

7 and  6.  This  is  tbs  total  rultasse  transport.  Multiply  each  tarn  in 
colossi  9 time  K sad  enter  in  eoisaaa  10;  vdltses  In  solum  10  ere 
multiplied  by  (-g-  Tjqq)  found  in  eolnn  11  to  give  tbs.  final  quostlty 
Ajj  in  coItbd  12. 


TABLE  9 

Computation  of  Vertical 
Advectlon  Paranstera 


1949 

1 

2 

3 

4 

5 

6 

Aib 

nb 

AItb 

mb 

APb 

rib 

nib 

(feisOi 

/bo  i ib.N 
( ba\bnij  S 

4-8  Sept. 

-0.7 

-1.8 

-4.0 

-3.8 

-O.Q473 

x lOT® 

0.3127 
x lor8 

1949 

7 

8 

9 

10  n 

12 

(3sit$b  *s&  **&>«X,* 


4-8  Sept.  -1.5440  1.3935  0.1149  1.626  6.6  10.73 

s 10-®  s 10-8  - io-8 
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not  tfe»  srts  a*  tbs*e  isi©  v&ieh  Bf  data  «re  divided,  tha  ^ 

vara  plot-Ud  ok  & tto®  graph  ad  *al««s  of  ^ ttm  dvtans Issd 
*®  tfe*  periods  ef  SET  data. 
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